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We investigate experimentally and theoretically the Coherent Population Trapping (CPT) effect 
occurring in ^'^Rb Di line due to the interaction with linearly polarized laser light (lin|[lin CPT). 
In this configuration the coherence is strongly influenced by the structure of the excited state; 
consequently the quantum interference between dark states is an essential feature of this interaction 
scheme. We study the lin||lin CPT resonance as a function of the laser optical detuning. The 
comparison between experimental theoretical results allows us to quantify the contribution from 
different dark states to the total signal. Based on these results we investigate the signal depending 
on both the pressure broadening of the optical transition and the laser linewidth, and we find in 
which conditions the laser linewidth does not degrade the lin||lin CPT resonance. 
PACS numbers: 



I. INTRODUCTION 

The first investigations of the Coherent Population 
Trapping (CPT) effect were performed theoretically and 
experimentally in the seventies \\J\. In accordance with 
these early works, the CPT effect is due to a coherence 
between ground states caused by the interaction with a 
quasi resonant, two- frequency and coherent light field. 
CPT and related effects (such as Electromagnetically In- 
duced Transparency ^ and Absorption [3|]) have an im- 
pact on both, the atomic system state and the light beam 
propagation through the media. 

CPT resonances with a narrow linewidth can be 
recorded in the simplest case in quantum systems with 
two long-lived ground states and one excited state cou- 
pled by a dichromatic coherent light field. In this con- 
figuration the quantum system is prepared in a non ab- 
sorbing state (the dark state). The energy levels in such 
a configuration are arranged similar to the Greek letter 
A (so called A-System) and can be found, for instance, 
in alkali atoms. In the experiment CPT resonances are 
recorded by varying the frequency difference of two spe- 
ctral electromagnetic field components around the value 
of the frequency splitting of the ground states. The prop- 
erties of the CPT resonances can be exploited in a wide 
range of applications such as atomic magnetometry [J], 
atomic frequency standards J5( , pulse delaying and com- 
pression for optical memory [y]. 

The problem in the use of CPT effect in those appli- 
cations is its low strength: often the dark state induces 
only a small variation in the light trasmitted throught the 
atomic sample. To overcome this limitation recently se- 
veral novel light-atom interaction schemes were proposed 
[3, 0] . In particular in work [^ the authors show that a 
significant enhancement of the CPT effect can be ob- 
tained in the so-called lin||lin CPT configuration. Here 
two co-propagating linearly polarized laser waves with 
parallel linear polarization vectors are resonant with the 



transitions to 5^Pi/2 Fg = 1 of the ^^Rb isotope. A 
detailed analysis of the two-photon A transition process 
shows that in a lin||lin CPT configuration the CPT res- 
onance depends critically on the excited state hyperfine 
structure (HFS) [l3|, in a way different to that of the well 
known CPT resonance obtained by a circularly polarized 
laser field [llj . In the case of circularly and linearly po- 
larized laser field the dark state arise from a vectorial 
(A?ni^=0) and quadrupolar coupling (A7TT,i?=2), respec- 
tively. 

A theoretical study of four-level system describing the 
CPT resonance depending on the structure of the ground 
and excited atomic levels has been published in 12]. The 
interest of these systems relies to the possibility of con- 
trolling its optical properties via the quantum interfer- 
ence arising between two dark states, for instance, by 
means of the phases of the laser fields |13l . Il4| or the lo- 
cal phase of the dark states 15] . In the present work we 
study the behavior of the lin||lin CPT resonance occur- 
ring within the manifold of the hyperfine transitions of 
the ^^Rb Di line. In our case the CPT resonance depends 
on the structure of the excited hyperfine states and it is 
described in detail in section[n]with the model developed 
for the data interpretation. We analyze the lin||lin CPT 
resonances as a function of the laser detuning and the 
homogeneous broadening (in section HV]) . which depends 
on the pressure broadening (due to the buffer gas in the 
cell) and the laser linewidth. Note that the evaluation of 
the laser linewidth influence on the dark states is crucial 
for applications and has not been investigated much so 
far. A theoretical study of the laser linewidth effects on 
CPT resonance for achieving selective excitation of atoms 
(with application in laser cooling and quantum comput- 
ing) is presented in reference [l6| ; while in [l7[ the author 
has demonstrated with his model a scheme that allows 
large time delay for large bandwidth optical pulse. 

We perform our studies with two different light sources: 
a pair of Phase-Locked (PL) Extended Cavity Diode 
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FIG. 1: Schematic diagram of the light induced transitions 
giving the a'^-a^ CPT resonance by excitation of the hf tran- 
sitions belonging to the Dl line of the ^^ Rb isotope. The 
A-system involving the ground states \Fg = l,mF = 0) and 
\Fg = 2, mp ~ 0) gives rise to the (often called) 0-0 CPT res- 
onance wich is used as reference in atomic clocks. The atomic 
population is partially collected in the state \Fg = 2, mp = 2) 
via an optical pumping process. For this reason the state 
\Fg = 2, mp = 2) is called idle state. The small arrows repre- 
sent the spontaneous decay of excited states. 



Lasers (ECDLs) and a current modulated Vertical Cavity 
Surface Emitting Diode Laser (VCSEL). The PL-ECDLs 
have, in good approximation, pure dichromatic fields 
with a narrow linewidth. On the contrary, the modulated 
VCSEL has a multi-frequency spectrum with broader 
linewidth. A detailed discussion of the laser sources and 
the experimental setup is presented in section Hill 



The problem of this interaction scheme relies on the 
fact that the state \Fg = 2, mp — 2) is not involved 
in the excitation process. As a consequence, the optical 
pumping effect caused by the isotropic spontaneous de- 
cay of the excited states accumulates the population into 
this idle state which, thus, represents a loss mechanism 
for the clock reference resonance. This leads (especially 
at higher laser intensities and low buffer gas pressure) to 
a reduced signal/noise ratio because most of state pop- 
ulation is concentrated in those Zeeman sublevels with 
highest (lowest) mp quantum numbers. 

On the contrary, in case of a lin| |lin CPT configuration 
(discussed in section|lI| no idle states are present and the 
state population is concentrated symmetrically around 
the Zeeman sublevel with quantum number mp = 0. 
This can be understood qualitatively because there is 
no transfer of net angular momentum from the linear 
polarized light to the atoms in the excitation process. 
Thus a better signal-to-noise ratio is expected especially 
in the case of higher laser intensities and low buffer gas 
pressures. This characteristic makes the lin||lin CPT res- 
onance a valid candidate for high performance compact 
atomic clock (a detailed study is presented in ,19]). 



II. MODEL AND INTERACTION SCHEME 

A model based on the density matrix approach has 
been used for the data interpretation and has been de- 
scribed in detail in reference [201] . Here we report on the 
basic approach and we give an intuitive picture of the 
results essential for our discussion. 

Let us to consider a ^^Rb atom excited by a two- 
frequency laser field resonant to hf-transitions 5^ Si 
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Fe = 1 of the Dl line. For such 



a system the density matrix evolution is given by 



A. Application of the Iin| lin CPT resonance in 
compact atomic clocks 

In the last years many efforts has been steered into 
the realization of compact CPT-based atomic clocks [1^ . 
The CPT excitation scheme usually used is based on the 
interaction of Cs or Rb atoms with a circularly polarized 
laser field, i.e. either ct"*" or a~ transitions are induced by 
the two frequency components of the driving laser field 
(in the following called a-a CPT). A typical excitation 
scheme in case of the manifold of hyperfine transitions 
within the ®^Rb Di (the same case we will discuss for 
the lin||lin configuration) is illustrated in figure [1] Here, 
a weak magnetic field of few tens of //T oriented in laser 
propagation direction, is applied to lift the degeneracy of 
the Zeeman sublevels. In this configuration the resonance 
used as reference in frequency standard applications is 
the coherent superposition of the sublevels \Fg — 1, mp = 
0) and \Fg = 2, mp — 0) being in first order not sensitive 
to magnetic fields. 
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The Hamiltonian, H has two terms: the atomic un- 
perturbed Hamiltonian, Hq, and the interaction opera- 
tor, y, i.e. H = Hq + hV . Tijki is the relaxation matrix 
element describing the relaxation processes. 

The two frequency laser field can be written as follow: 

F ■ 

E{z,t) = X! [^ exp[i(w,i + ^j{t) - kjz)] + c.c, (2) 

J = l,2 

whereas the laser line width is modeled by the phase 
fluctuations ^j{t). 

The absorbed laser power in a optically thin gas cell 
(weak absorption) can be calculated by: 



AP = Pexc^UJopaNa 



(3) 



where pexc is the total excited state population, tUopt is 
the optical transition frequency, 7 is the excited state 



relaxation rate, and Na is the number of active atoms 
taking part in the excitation process. In a optically thin 
gas cell, due to a weak absorption, p^xc is not a function 
of the optical path because the matrix elements of the 
interaction Hamiltonian hVij are assumed to be constant 
along the optical path. At high temperatures the gas 
cell becomes optically thick. The consequence is that the 
density matrix elements (and with them the dark states) 
are functions of the light intensity along the optical path. 
Modeling of such a coupled behavior is rather compli- 
cated because, strictly speaking, the effects of propaga- 
tion determined by the Maxwell equations are strongly 
coupled with the density matrix equations of the quan- 
tum system. Our experiments are performed with an 
optically thick *^Rb vapor cell. Therefore in the model 
the optical path is divided in a set of subsequent parts. 
Assuming constant electrical fields {Ei — const.) in each 
thin layer the density matrix is calculated. Finally the 
Maxwell equations for the slowly varying E-field ampli- 
tude and phase [21j, are used to calculate the variations 
of the E-fields within the layer. Thereafter the density 
matrix of the next layer is determined by using the new 
E-field derived from the previous layer. This procedure 
is repeated for all subsequent parts. In the numerical cal- 
culations we don't take into account modifications of the 
transverse intensity distribution. Nevertheless, this sim- 
ple phenomenological approach allows us to reproduce 
the experimental results (see Section ITV)) . In the follow- 
ing the ground and excited state Zeeman sublevels are 
called g, g' and e, respectively. Note that g and g' be- 
long to different hyperfine ground states and a dark state 
can be created when the two transitions, \g) <-^ |e) and 
\g') <-^ |e), are excited simultaneously. If the laser field 
intensity is much lower than the saturation limit for each 
optical transition and the cell is optically thin, the to- 
tal excited state population p^xc is proportional to the 
light power absorbed (c.f. equation [3]). Neglecting fast 
oscillating terms ^ 0{uJi+LUj) and ~ 0{2luj) etc. (rotat- 
ing wave approximation) the excited state density matrix 
element is connected via 
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to the ground state density matrix elements which can 
be derived from the following set of equations: 

Pgg' = - iPgg'i'^gg' - ^9 + ^9') + T (- 5gg, - Pgg,)- 
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Here TiVij are the matrix elements of the interaction 
Hamiltonian (Rabi frequencies) in the frame rotating 
with the corresponding laser frequency component; 7' 
is the decay rate of the optical coherence Pegl ^gg' is the 
Kronecker delta. LOg is the frequency of laser component 
interacting with the level g; and ojggi is the frequency 
spacing between the levels \g) and \g'). The ground state 
relaxation rate denoted by F depends on the tempera- 
ture of the cell, type and pressure of buffer gas, geome- 
try of the cell, the laser power and the geometry of laser 
beam[24|. In our simulation F is the free fit parameter 
in our simulation which is estimated from the measure- 
ments. 

In [2^, the authors demonstrate that the optical co- 
herence decay rate 7' is determined by the laser linewidth 
Fi, by the spontaneous relaxation rate ^ap which is for 
Rubidium ~ 2-k- 5.6 MHz, and by the pressure broaden- 
ing 7c which depends on the type of buffer gas and on 
the buffer gas pressure in the cell: 
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(7) 



To understand the physical meaning of 7' let us con- 
sider a generic single transition \g) <-> |e). The excitation 
of this transition by a laser light field of linewidth F^, 
results in an homogeneous broadened profile that can be 
described with a Lorentzian curve of linewidth 7' (figure 

The coefficients Gge and Fg^ in equation 2] and [S] are 
real and equal to: 
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where M{v) is the atomic velocity distribution and S'j^ 
is the laser detuning. The coefhcient Gge is propor- 
gg' tional to the strength of the single optical transition 

\g) <-> |e); while the coefficient Fge allows to calculate the 
(4) shift of the resonance frequency. For our intent we focus 
our attention to the coefficient Gge which is schemati- 



(5) 



cally represented in figure [21 Gge is proportional to the 
grey area delimited by the product of two profiles: the 
Doppler profile, represented by a Gaussian curve M{v) of 
linewidth Tu, and the homogeneous profile, represented 
by a Lorentzian curve L(kv) of linewidth 7'. If differ- 
ent \g) «-> |e) transitions are excited, Gge characterizes 
the contribution of each transition to the total excitation 
process. 

Now we extend the previous consideration made for a 
single optical transition to a dark state. The necessary 
condition for creating the dark state is that the transi- 
tions from both ground states \g) and \g') towards the 
same excited level |e) are simultaneously excited by two 
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FIG. 2: Schematic view of the homogeneous broadening pro- 
file (Lorentzian curve L{kv) of linewidth 7' in dashed line), 
of a transition {\g} ^^ je)). 5"^ is the laser detuning. The 
Gaussian curve (of linewidth Fd) in solid line, represents the 
Doppler profile M{v) of the transition. In equation ((8]l Geg 
is proportional to the grey area under the product of the two 
curves {L{kv) ■ M{v)). 



coherent electromagnetic field components, i.e. the rel- 
ative frequency jitter of the electromagnetic field com- 
ponents is negligible. This condition is fulfilled either 
in the VCSEL and in the PL-ECDLs (see Section Ell . 
The straightforward consequence is that the one-photon 
detuning of both light field components must coincide 
{6'j^ — 6'j^ ). Under this condition, from equation [8] the 
relation Gge~ Gg'e =Ge can be derived. In synthesis the 
G-coefficient for a general dark state depends only on the 
excited states involved (and not on the ground states). 
When different dark states occur simultaneously, the con- 
tribution to the total signal of each single dark state can 
be characterized by calculating Ge . Our model takes into 
account the Zeeman and hyperfine structure of the ^^Rb 
atoms. In the following we define the interaction scheme, 
i.e. which group of atomic sublevels are involved in the 
dark state preparation. Finally we present the results 
obtained by applying the model to an isolated reduced 
system, in order to show how the Ge coefficients describe 
the OPT resonance strenght. 

Figure [3] shows the relevant transitions induced by the 
coherent a^ and a^ components of the linearly polarized 
light fields expressed in spherical tensor basis. In figure 
[3] we do not report the ct+ — a^ and a~ — a~ groups of 
transitions. In general, the existence of a CPT resonance 
is directly connected via the phase relation between the 
Rabi frequencies (phase relation of laser fields and atomic 
wave functions) of each transition of the A— scheme [13| . 
In the specific case of lin||lin excitation the dark states 
arising from the a^ — a^ and a^ — a^ arc orthogonal, 
thus they interfere destructively and do not contribute 
to the CPT resonance at w « ujhfs H- 

We study the cr+ — a^ transitions between ground 
state Zeeman sublevels with mp = ±1. The feature of 
the CPT resonance is related with the presence of two 
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FIG. 3: Schematic diagram of the light induced transitions 
giving the lin||lin CPT resonance at lj ~ ljhfs- The levels 
involved are: \la) = \Fg = l,niF = +1) and \2a) = \Fg = 
2,mF = —1) part (a) of the figure; |16) = \Fg = l,mF ~ —1) 
and \2b) — \Fg = 2, m^ = +1) part (b) of the figure. In 
presence of a low magnetic field along the laser propagation 
direction (=quantization axis) the dark states in (a) and (b) 
are degenerate. The solid arrows are representing the compo- 
nents of the exciting laser field and Sl is the laser detuning. 



excited levels (Fe=l,2), both allowed for dipole transi- 
tions. In synthesis, four dark states contribute to the 
lin||lin CPT resonance at w ~ luhfs- l^a) and |^t) 
are the coherent superpositions of the Zeeman sublevels 
I la) ^^ 1 2a) and |16) ^-> \2b) through the excited state 
Fe = 1, while I^Jj) and |^^) are the coherent superposi- 
tions of the same Zeeman sublevels via the excited state 
Fe = 2. When a magnetic field is applied along the quan- 
tization axis |\I'a)-|*fc) and |*q)-|*6> split with a factor 
of ±28 Hz/fiT determined by the nuclear g-factor. Re- 
mark that the transitions towards the outermost Zeeman 
sublevels \Fe = 2,mp — ±2), play an important role in 
the formation of the dark state |^Jj) and |^[,), as we are 
going to show in next paragraph. 



A. Simplified atomic system: analytical solution 

To point out how the Ge coefficients can describe the 
lin||lin CPT resonance we apply the approach presented 
at the beginning of this section to figure [3] (a), under 
the hypothesis that the 6 levels participating to the in- 
teraction are isolated. Similar considerations can be ap- 
plied to figure [3] (b) and then to the lin||lin CPT res- 
onance. Figure S] is the diagram of the isolated 6-level 
system. The Zeeman sublevels are named with a short 
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FIG. 4: Isolated 6-level excitation system. The coefficients 
reported near the transition are proportional to the Rabi 
frequencies Veg, i.e. they are the dipole matrix element 
for the transitions expressed as multiples of the coefficient 

t/O _ /Sfspc^n 
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label for handling with a compact notation. The coeffi- 
cients reported near each transition are the dipole ma- 
trix elements expressed as multiples of y° — \l -^^^r^- 
These coefficients are proportional to the Rabi frequen- 
cies, Vt.n |24l. [2a| ■ For instance, in our notation the Rabi 
frequency for the transition |1) ^-> \R) is named Vir and 

is equal to (-7= — 9/r^)' where E^ is a circularly polarized 

component of Ei. There are only two ground state not 
degenerate, |1) and |2), in our simphfied scheme, there- 
fore the normalization condition ^ in the regime of low 
laser field intensities [has "^ I sat) gives pn + P22 — 1- 
There are two excited states, thus e = 1,2 such as for 
e — I the excited state has one sub-level, \B), and for 
e = 2 the excited state has three sub- levels |L), \T) and 
\R). We introduce for simplicity the new variables: / 
(population difference), R and J (real and imaginary part 
of P12): 

Pii-(l + ./)/2, P22 = (l-/)/2, pi2=i? + i-J. (9) 

The total excited state population pexc can be obtained 
by applying equation Q: 



Pexc = -[W + {Wi - W2) ■ f + 4Wi2 ■ R]- (10) 

7 



From equations ^ and ^, we obtain the set of equa- 



tions for variables /, R and J: 

/ = -{r + w) ■ f - iDi2 ■ J + W2~Wi, 
R = -{r + w)-R + {n-A)-j-Wi2, 
J = D12 ■ f - (T + w) ■ J - (n - A) ■ R. 



(11) 



Here il = {lu2 — lui —lu2i) is the Raman detuning and F is 
ground state relaxation rate. W is the so-called "optical- 
pumping rate" and the quantity A is a measure for the 
light shift of the micro-wave transition (i.e. the shift of 
W21, i.e. the frequency difference between |1 > and |2 > 
in figure [4]). Following our notation we obtained: 
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(12) 

(13) 
(14) 
(15) 

(16) 



■F2. (17) 
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Where Gi and G2 are the G-coefficients for e = 1, 2 deter- 
mined by applying eq. [8] to the simplified 6-level scheme. 
Substituting the stationary solution of the set of equa- 
tions pT|) into pn]) . we obtain the following analytical 
expression for the total excited state population: 



(18) 



The first two terms in (jT8|) do not depend on the two- 
photon detuning S7; the third term gives the change in the 
absorption due to the CPT effect. Finally, we substitute 
the Rabi frequencies (Veg) into p2|) . (fT3)) and (fTS)) and 
we get: 
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When Gi — G2, the two terms (Wi — W2) and W12 
are vanishing, therefore the third term in[TH]is vanishing, 
and the CPT resonance goes to zero. This is an evidence 
of destructive quantum interference between the differ- 
ent dark states prepared through the two excited state 
hyperfine sublevels. 



In this section we summarize a method for calculat- 
ing the CPT resonance based on the fact that the light 
power absorbed by the atoms is proportional to the de- 
tected signal and can be calculated by using equation 
|3l |4] and \5\ On the basis of a simplified 6-level system, 
we showed analytically that the excited state hyperfine 
structure of ®^Rb plays an important role in the CPT 
excitation process due to a destructive quantum inter- 
ference effect. It is found that the characteristic of this 
interference can be well described by the ratio G1/G2 
determined by the laser detuning Sl and the optical co- 
herence decay rate 7'. A ratio close to unity expresses 
similar (excitation) strengths in both dark states which 
leads to a high degree of interference and to a cancelation 
of the CPT resonance. 



III. EXPERIMENTAL SETUP 

A sketch of the experimental setup is shown in figure 
[SJ The core is a glass cell with a volume of a few cm^ 
containing the ^^Rb isotope and N2 as buffer gas. In par- 
ticular two similar cells are used containing 0.5 and 1.5 
kPa of buffer gas, respectively. The cell temperature dur- 
ing is stabilized to (68±1)°C, corresponding to a Doppler 
broadening of Td — 2tt ■ 540 MHz of the optical transi- 
tions. Since the light fields arc both co- propagating the 
Doppler broadening of the CPT resonance is due to the 
6.8 GHz difference frequency. Note, that - in the case of a 
buffer gas cell - the micro- wave Doppler effect is strongly 
reduced by the Dicke narrowing [26l | because the atoms 
are confined within a volume much smaller than the 4.4 
cm wavelength corresponding to the 6.8 GHz frequency. 
At a temperature of 68°C the ^^Rb cell becomes optically 
thick. Therefore, when a single mode laser (VCSEL or 
ECDL) is in resonance, the cell transmittance (i.e. the 
ratio between the laser intensity after and before the cell 
(I/Iq)) is always < 0.3 corresponding to an optical thick- 
ness > 1. 

The laser radiation transmitted through the cell is col- 
lected onto a photodetector (PD) whose signal is ampli- 
fied in a current amplifier afterwards. Finally, the vari- 
ation (increase) of the optical transmission is recorded 
by an digital oscilloscope directly connected to the cur- 
rent amplifier. Additionally, the CPT resonance can be 
monitored by using a lock-in amplifier. 

In order to avoid the influence of spurious magnetic 
fields and magnetic gradients, the cell was inserted in 
a CO-NETIC alloy magnetic shield. Inside the shiel- 
ding, a solenoid provided the longitudinal magnetic field, 
B2 — (3.0 ± 0.2) /iT in order to lift the degeneracy of 
the Zeeman sublevels. The magnetic field has been regu- 
larly monitored during the experiments by using the gj 
dependence of the outermost CPT resonance Q, i.e. the 
dark states created by the coherence of |Fe = 1, mp = 0) 
and \Fe = 2,mF = ±2). The functional block VCSEL or 
PL-Laser indicates that the experiments are performed 
either with a current modulated VCSEL or with PL- 
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FIG. 5: Schematic block diagram of the experimental setup. 
Two laser light sources have been alternatively used during 
the experiments: a modulated VCSEL and two PL-ECDLs. 
The detection system block consists of a current amplifier, 
a digital oscilloscope read out by a PC and a lock-in am- 
plifier (optional) . Ey indicates the direction of the electrical 
field vector of the linearly polarized laser radiation. In the 
experiments a magnetic field Bz= 3 /iT is applied in laser 
propagation direction. 



ECDLs. Both laser system have a Gaussian beam profile 
and a beam waist of 2 mm (1/e^). However, it is impor- 
tant to outline that the relevant difference between both 
laser systems is their spectral linewidth Ty > 100 • Tpl- 
The characteristic of the two laser systems are shortly 
described in the following. 

Modulated VCSEL (see ref ^^): The injection cur- 
rent of a single mode VCSEL emitting at 795 nm, is 
directly modulated with 3.417 GHz (i.e. half of ground 
state hyperfine separation in ®^Rb ) with 10 dBm of RF 
power. The VCSEL has a broad spectrum, the mea- 
sured linewidth is Fy Ki 27r • 100 MHz. The modula- 
tion performance has been evaluated through the one- 
photon *^Rb absorption spectrum by changing the fre- 
quency and the amplitude of the current modulation. 
We did not notice any influence of amplitude modula- 
tion, and the frequency modulation index was evaluated 
to be about 1.8. Under these conditions about 68% of the 
total laser power is equally distributed in the flrst-order 
side-bands which are used for dark state excitation. The 
remaining 32% of the total power is distributed among 
mainly the carrier frequency and the higher-order side- 
bands. These off-resonant parts of the VCSEL-spectrum 
can cause one-photon excitation processes because of the 
Doppler broadening of the hyperflne transitions. Addi- 
tionally, the not absorbed off-resonant light is increas- 
ing the dc and shot-noise levels of the photo-detector. 
Phase-Locked (PL) lasers: The PL-laser system basically 
consists of two Extended Cavity Diode Lasers (ECDLs) 
called master and slave laser (both characterized by nar- 
row spectrum, Tecdls ~ 0.5 MHz). The master laser is 
stabilized to the ^^Rb Di line 52S1/2 Fg = 2 ^ 5 2Pi/2 
Fe = 1 transition, using an auxiliaiy evacuated ®^Rb 
cell in a DF-DAVLL configuration [28] . Due to the high 
speed servo loop for the laser stabilization, the linewdith 
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FIG. 6: An example of a typical CPT resonance prepared witii 
PL-ECDLs resonant witli the group of transitions towards 
Fe = 1 (laser intensity equal to 3.8 mWcm~^). Both the os- 
cilloscope (top) and lock-in (bottom) signals are represented. 
The amplitude of the CPT resonance and its line widths are 
Ac = 1 ^A and Ai/c = 3 kHz, respectively. The variation of 
the normalized optical transmission due to the CPT is about 
4%. Note that in the same condition with modulated VC- 
SEL we record about 3% of normalized optical transmission 
variation. The difference is due to the background light level 
increased by the presence of the off-resonance frequencies. 



(measured in the band of 1 Hz-1 MHz). As ^rms <^ tt 
is well fulfilled no degradation or additional broadening 
of the CPT-resonance is observable [33|. In the case 
of PL-ECDLs, the frequency components of the dichro- 
matic electromagnetic field are separated by 6.835 GHz 
to bridge over the splitting of the ®^Rb hyperfine ground 
states. The intensities as well as the linear polarization 
state are selected to be the same for both frequency com- 
ponents. Finally, to avoid a residual broadening of the 
CPT-resonances due to a wave vector mismatch, a po- 
larization maintaining single mode fibre is used to ensure 
perfect collinear wave vectors of the two frequency com- 
ponents. 

Figure [5] shows the photocurrent variation (top plot) 
and the lock-in signal (bottom plot) for a typical CPT 
resonance prepared with PL-ECDLs. In our experiments 
the CPT resonance amplitude, Ac, is defined as the pho- 
tocurrent variation relative to its background; and the 
CPT resonance linewidth, Ai^c, is the full width at half 
maximum (FWHM) of the resonance. We chose this def- 
inition of Ac 29] because we aim the quantitative study 
of quantum interference between dark states. Our ap- 
proach allows to separate the strength of the CPT ef- 
fect, which is affected by the quantum interference, and 
the light level in the experiments, which changes using 
PL-ECDLs or VCSEL because of the contribution of the 
off-resonance frequencies in the modulated VCSEL spec- 
trum. The role of the (background) light level - mainly 
determining the Signal/Noise Ratio - in the experiments 
is very important for the applications and deserves to 
be studied in detail separately. In accordance with the 
definitions given above, for the experimental conditions 
of figure [5] the normalized optical transmission due to 
the CPT effect is about 4% and 3% for PL-ECDLs and 
modulated VCSEL, respectively. 



IV. INFLUENCE OF EXCITED-STATE HFS ON 
THE LINIILIN CPT RESONANCE 



of the master is reduced by a factor 10. The slave laser 
is - via a heterodyne beat signal - phase locked to the 
master laser. Therefore, the light beams from the master 
and the slave laser are superimposed on a fast photo- 
diode which detects the 6.8 GHz beat required for the 
experiments. After amplification, the heterodyne beat 
signal is down converted in a double balanced ring mixer 
to 50 MHz and is compared with a reference frequency 
signal stemming from an Intermediate Frequency (IF) os- 
cillator. A phase/frequency detector provides an output 
signal proportional to the phase difference between the 
down converted beat-note and the IF-Oscillator. To close 
the feedback loop the phase detector's output signal is fed 
back to the slave laser. In the setup a combined analogue- 
digital phase detector is used. In this way a large capture 
range and a dead zone free locking is achieved simulta- 
neously. The root mean square (rms) phase noise level 
(relative phase-jitter) of the PL-setup is ^rms < 50 mrad 



The influence of the excited state hyperfine structure 
of the ^^Rb Di line is evidenced by studying the lin||lin 
CPT resonance versus the laser detuning (Sl) in a cell 
containing ^^Rb and N2 as buffer gas, Patj — 0.5 kPa. 
The coUisional broadening 7c at this pressure is about 
2n ■ 70 MHz [3l|, i.e. 7c is almost 12 times smaller than 
the splitting of the hyperfine excited states {ojhfs = 27r • 
817 MHz). As a consequence the hyperfine excited state 
structure remains resolved. 

These measurements can be easily performed with a 
modulated VCSEL since the VCSEL output frequency 
can be tuned with injection current over a wide frequency 
range (more than ten GHz). The situation is different for 
the PL-ECDLs. Here, the frequency of the master laser 
(i.e. the detuning 8l) was determined via an ®^Rb satu- 
ration spectrum additionally overlapped by transmission 
fringes stemming from a confocal Fabry Perot interferom- 
eter with a free spectral range of vpsR = 149.85 MHz. 
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FIG. 7: Tlie lower plots show the dependence of CPT reso- 
nance amplitude (Ac) versus laser detuning {&l) in case of 
a total resonant laser intensity of 3.8 mW/cm^, a tempera- 
ture of 68 °C and for a Rb cell with Patj = 0.5 kPa; while in 
the upper plots the G1/G2 ratio (calculated for both cases) is 
reported. The maximum of absorption is marked by the ver- 
tical lines (the pressure shift is about —30 IvIHz). The value 
(5l = is defined with respect to an evacuated *^Rb cell. In 
both cases, Ac goes to zero when (G1/G2) = 1 and has two 
maxima at the maximum and the minimum of (G1/G2), re- 
spectively. Remark that the maxima of Ac are shifted with 
respect to the maxima of absorption in the cell. 



Therefore a tuning range of about 2 GHz (within the hfs 
of the excited state 5^Pi/2) with a frequency uncertainty 
oi 8v ^ ^ MHz is achieved with both laser system. 

The dependence of the CPT resonance amplitude (Ac) 
on (5l is shown in the lower plots of figure [3 for exper- 
iments performed with PL-ECDLs and modulated VC- 
SEL, left and right column respectively. In figure [7] the 
points are the results of the experiments while the solid 
lines are the model results obtained numerically by solv- 
ing the coupled set of density matrix and Maxwell equa- 
tions with r as free fit parameter (see section |ll]) . The 
value of the ground state relaxation rate, P, is deter- 
mined by fitting the CPT resonance width ^vq obtained 
in the experiments. In case of the VCSEL source, a width 
Ai'c = ^ kHz and Ai^c = 10 kHz is measured for a 
laser detuning Sl — (transitions towards Eg = 1) and 
6l = +2tt ■ 817 MHz (transitions towards Fe = 2) respec- 
tively. As mentioned in [^ the CPT resonance arising 
from the group of transitions towards Eg = 2 is broader 
than the one arising from transitions towards Eg = 1. 
But, interestingly, negligible differences in the width Ai/q 
are observed for CPT resonances prepared by the PL 
ECDL system. 

To quantify the influence of the each dark state con- 
tributing to the CPT resonance, in section |TT] the co- 



efficients Gg have been introduced. In the two upper 
plots of figure [3 the calculated {G1/G2) values are re- 
ported as a function of the laser detuning for the two 
sets of data. In each plot Sl = refers to the un- 
perturbed group of transitions toward Eg = 1 (evacuated 
cell); and the dotted lines represent the maxima of ab- 
sorption for Eg = 1 {Sl « -27r • 30 MHz) and Eg = 2 
{Sl w +27r • 787 MHz) in the ceU containing Pat, = 0.5 
kPa (colhsional shift is (-22.2 ± 0.4) GHz K (kPa)-i 
[3l|). Eor each laser system, we observe that Ac shows 
two relative maxima which are both shifted with respect 
to the two maxima of absorption in the cell. In particular 
the maxima of Ac coincide with the maximum and the 
minimum value of {G1/G2), respectively. Note that in 
general the dark state |$J,) is affected by the losses due 
to the one-photon transitions towards to the outermost 
excited levels 5'^Pi/2 Fg = 2, m^ = ±2 (see figure [3]). 
For this reason when {G1/G2) < 1 the resulting lin||lin 
CPT resonance is smaller than the one for {G1/G2) > 1 
Q . The values of Ac noticeably decrease when the light 
sources (PL-ECDLs or VCSEL) are tuned between the 
two group of transitions. In fact we showed that the dark 
states prepared via different excited hyperfine sublevels 
interfere destructively, and, if their involvements into ex- 
citation process are equal, i.e. G1/G2 = 1, the CPT 
resonance vanishes. Similar effect has been discussed in 
the case of two Zeeman sublevels belonging to the same 
hyperfine manifold in |32l |. Moreover, by comparing the 
left and right part of figure[7l we can observe that the Ac 
maximum recorded in the experiments using PL-ECDLs 
is larger than the Ac maximum obtained with the mod- 
ulated VCSEL. The measured behavior of Ac vs. 5l is 
well reproduced by the model calculations. In particular 
- at the experimental conditions referring to figure[7]- the 
Gg coefficients calculated for PL-ECDLs are bigger than 
these coefficients calculated for the modulated VCSEL, 
either for e = 1 and 2. 



The behavior of the a-a CPT resonance amplitude, 
width and position as a function of the laser detuning 5l 
is studied in a higher pressured buffer gas cell (5.5 kPa 
of Neon) by the authors in [SJ] . As anticipated in section 
U the dark states obtained by interactions with linearly 
and circularly polarized are intrinsically different. In the 
case of circularly polarized light fields, the dark states 
arise from a vectorial coupling {Amp — 0) and no quan- 
tum interference occurs [10]. This different nature of the 
lin||lin and a-cr CPT is shown in figure [5] Here, the 
master laser (determining the laser detuning 5l) of the 
PL-ECDLs is tuned at the crossover resonance between 
the transitions: Eg = 1 ^^Fg= 1 and Eg = 1 ^^Fg= 2. 
In case of the lin||lin CPT the resonance amplitude Ac 
is strongly suppressed because both dark states - via the 
excited states Eg= 1 and Fg= 2 - have equal strengths 
Gi = G2 and interfere destructively (c.f. figure [7]). Un- 
like, in case of a-a CPT such a destructive interference 
is not observable due to the specific phase relation of the 
Rabi frequencies. 
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FIG. 8; Evidence of the diflferent nature of dark state excited 
with circular and hnear light field, a-a and lin|[lin CPT res- 
onance, respectively. The two resonances are recorded under 
the same experimental conditions. In particular, the laser (I 
= 3.8 mW/cm^) is tuned near by the cross-over resonance 
(5i = Sl/{2-k) = -H408 MHz) of the 5^Pi/2 F, = 1 and 
Fe = 2 states (evacuated ^'^Rb ceU). The lin||lin CPT reso- 
nance is about 40 times weaker than the a-a one because of 
the destructive interference influence. 



A. lin lin CPT resonance amplitude versus 
homogeneous broadening 

The previous results allows us to predict the influ- 
ence of the homogeneous broadening 7' (equation [7]) on 
the lin|jlin CPT resonance. In practice we compare the 
experiments performed with PL-ECDLs and modulated 
VCSEL in a selected ®'^Rb cehs containing 0.5 kPa of N2 
for a fixed value of the laser detuning. In this section we 
compare the dark state prepared with the two lasers sys- 
tems in two *^Rb cell with different relevant pressure N2. 
In particular we study the case of detuning Sl — 0, when 
the master laser of the PL-ECDLs is stabilized. Under 
such conditions a PL-laser linewidth Tp of 27r • 0.04 MHz 
is achieved, i.e. it is 2500 times narrower than the VC- 
SEL hnewidth (Py « 27r • 100 MHz). Figure E] shows the 
CPT resonance amplitude (Ac) versus the resonant laser 
power for ^"^Rb cells with Pat^ = 0.5 kPa and Patj = 1.5 
kPa,figure[5{a) and (b) respectively. The main difference 
between the experiments performed with those cells is 
the relation of the coUisional broadening in each cell and 
the VCSEL linewidth. For P7V2 == 0.5 kPa, the coUisional 
broadening contribution 7c = 27r • 70 MHz is smaller than 
the hnewidth of the VCSEL (7^ < Fy). On the con- 
trary, for Pn^ — 1-5 kPa 7c is 27r • 210 MHz, i.e. about 
2 times of Ty- In both cases, 7c is much bigger than 
the PL-laser linewidth (7c ^ Pp)- In figure [H] (a) and 
(b) the solid points refer to the experiments performed 
with the modulated VCSEL and the PL-ECDLs, respec- 
tively. The solid lines show the results of the theoretical 
model (c.f sec. [Hi, which are in good quantitative agree- 
ment with the experimental results. We observe that the 



FIG. 9: Dependence of lin||lin CPT resonance amplitude (Ac) 
versus the resonant laser power for experiments performed in 
two cells such as Pjvj = 0.5 (a) and Pjvj = 1.5 kPa (b). The 
solid points refer to experiments and the lines show the nu- 
merical calculations. Remark that in (a) there is a noticeably 
difference in Ac depending on the laser source, while in (b) 
that difference is reduced. 



difference in Ac obtained with the two laser systems is 
large in (a) while it is reduced, and almost negligible, for 
II < 1 mW/cm^, in (b). To explain the observed behav- 
ior we first note that in reference [27] the authors showed 
a reduction of the CPT resonance amplitude when the 
laser linewidth is larger than the pressure broadening for 
the dark states created via the interaction with circu- 
larly polarized laser light. They explained this results by 
considering that the dark state is excited in atoms be- 
longing to several velocity classes. This argument is still 
valid, of course, in the case of lin||lin excitation, but can 
only partially explain our results. In the previous parts 
of this communication we have demonstrated that in the 
case of dark state arising from a quadrupolar coupling 
(Amp = 2) the excited state hyperfine structure must 
be taken into account for each Sp. Under quadrupolar 
coupling conditions the phase relations of all Rabi fre- 
quencies, involved within the excitation scheme, plays a 
major role. Using the formalism developed in our model, 
we can conclude that for intensities lower than the satu- 
ration of the optical transitions, when 7c > F^ (condition 
satisfied in figure [H] (b)), it is possible to obtain the same 
{G1/G2) ratio for the two laser systems. It is possible, 
then, to find experimental conditions in which the ampli- 
tude of the lin||lin CPT resonance, Ac, is independent of 
the laser linewidth. On the contrary, when 7c < Tp (con- 
dition satisfied in figure [n^a)), the laser linewidth plays 
an important role: the ratio {G1/G2) for experiments 
with the modulated VCSEL is smaller than (G1/G2) for 
the PL-ECDLs. We can not appreciate the influence of 
the laser linewidth in the CPT linewidth (Ac). For both 
laser sources, Ac increases linearly with the laser inten- 
sity in the same range of values. The values of Ai/c 
extrapolated to zero laser intensities, are w 27r • 1.5 kHz 
and w 27r • 0.8 kHz for the cell with 0.5 kPa and 1.5 kPa 
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buffer gas pressure respectively, mainly caused by coUi- 
sional broadening effects |34| . 



CONCLUSIONS 



comparing the model and the experimental results we 
can quantify the influence of each dark state on the lin||lin 
CPT resonance. Finally the good quantitative agreement 
between theory and experiments allows predicting the ef- 
fects of the laser linewidth on the linlllin CPT resonance. 



We present a study the CPT resonance prepared in 
lin||lin configuration, focusing our attention to the signal 
between ground state Zeeman sublevels such as m^? — 
±1, which is a good candidate for compact and high per- 
formance atomic clocks. This interaction scheme is char- 
acterized by quantum interference between dark states 
prepared through the two excited hyperfine states. A 
model is developed taking into account the multi-level 
structure of the atomic system and the linewidth of the 
lasers. We study the signal as a function of the laser 
detuning, i.e. the excited state hyperfine structure. By 
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